Thirty-three years ago, an accident at the Chernobyl Nuclear Power Plant released huge amounts of radioactive materials like cesium, strontium and plutonium into the atmosphere, which spread over a vast area. It is known that its effects can cause damage do the DNA of living beings, leading to death or altered fitness of the biota, but the effects of land abandonment under such conditions are not, as the vicinities of the power plant were permanently evacuated. Thus, the objective of this study was to analyze the state of primary production of the vegetation in the Chernobyl Exclusion Zone after the accident, comparing with its previous state. Through Normalized Difference Vegetation Index (NDVI) and radiation measurements, the relationship between these variables was assessed using Analysis of Variance (ANOVA) and Generalized Additive Models (GAM), to understand how the vegetation responded to the radiation exposure. The data considered was Landsat satellite imagery and sampled areas registered on the field. The results show that the NDVI increased over the years after the accident and that it is independent of the current radiation measured. This suggests that to some level of radiation exposure, the positive effects of land abandonment and/or the negative effects of radiation on abundance of herbivore species surpass the long term negative effects of radiation exposure on the vegetation. Nonetheless, above some radiation threshold level, primary production is expected to be negatively affected.
INTRODUCTION
On the 26 th of April 1986, the reactor nº 4 of the Chernobyl nuclear power plant exploded during a safety test that was being carried out. There were two main causes that together led to the accident: (1) the unfollowed test protocol by the operators at the control room (by disregarding safety parameters) and; (2) a reactor design flaw, which ultimately caused an unexpected rise in power, increasing steam and pressure inside the reactor and consequent explosions. The reactor and reactor building caught fire, burning and releasing massive amounts of radioactive fission byproducts into the atmosphere, which were carried by the wind and spread over hundreds of kilometers.
The effects of the massive radiation exposure were felt most severely by the people working at the site after the explosion, either being plant works or firemen trying to put the fires out. In total there were 237 people reported to have suffered from acute radiation sickness (ARS), from which 31 died within the first three months after the accident 1,2 . They received doses ranging from 1 to 16 Sv from external irradiation and up to 20 Gy from internal irradiation 2 , being the whole-body exposure threshold for ARS 500 mGy 3 . For the general public, no cases of ARS were reported, but a total of 160,000 people living in the 30 km area around the plant were permanently evacuated 2, 4 and although the effects were not immediately fatal, thousands of cancers are being attributed to the radioactive fallout 1 . The 30 km wide Chernobyl Exclusion Zone (CEZ) around the plant is still off-limits regarding human inhabitation, where by Ukrainian Law, no economic activities are authorized in the CEZ for it is classified as a contaminated area and separated from adjacent territories 5 . Besides the direct radiation-induced complications, another major health effect of the accident was the anxiety and distress on the population, which trauma resulted in changes in diet, smoking and alcohol consumption 4 .
With the release of fission products such as caesium, iodine and strontium, which have high nuclear decay rates, bioaccumulation on both land and water bodies became one of the main causes of concern 2,6,7 . Agricultural land is still excluded from use and will continue to be for a long time in the CEZ, being the direct deposition of radionuclides on plants a major source of contamination of it. Several restrictions for agricultural and farm animal production were imposed after the accident, as to prevent public health problems derived from the intake of contaminated products 2 .
The forest environment showed a particularly high uptake of radiocaesium because of the high filtering characteristics of trees, with contamination being mainly caused by direct interception of the radiocaesium by the tree canopy, which intercepted about 60% to 90% of the initial deposition 7 . Moreover, the high organic content and stability of the forest soil increases the transfer of soil-to-plant radionuclides, resulting in lichens, mosses and mushrooms exhibiting high concentrations of these radionuclides 2 . The nearest forest (5 km 2 area) located southwest of the nuclear plant turned red and died 10-20 days after the accident (period of maximum radioactive impact caused by short lived radionuclides 8 , then being named as Red Forest. It was a pine forest that received doses up to 100 Gy. As it was necessary to reduce further land contamination and prevent the dispersion of radionuclides by forest fires, remedial measures were undertaken in 1987, where the top 15 cm of soil was removed and dead trees were cut down. Although this was not the ideal clean-up approach 9 , the resulting waste was buried and covered with sand in in-situ trenches 10 , totalling a volume of 100,000 m 3 , reducing soil contamination by at least a factor of ten 2 . The long-term impacts on the fauna from low chronic exposure are still unclear, as there are several studies showing negative impacts of ionizing radiation on organisms whilst others have been inconclusive or have shown no impact 11 . It has been shown that in highly contaminated areas there has been a decrease on the abundance of mammals 12 , birds 13, 14 and insects 15 , while other studies, on limited data, suggest no negative influence of radiation on mammal abundance 16, 17 . The flora has also been negatively impacted, with either reduced plant growth [18] [19] [20] or decreased pollen viability and seed germination rate [20] [21] [22] being negatively correlated with radiation intensity, suggesting that radiation directly reduced plant fitness.
The contamination of water bodies was less severe when compared with forest contamination, as it was dominated by short lived radionuclides that sunk and deposited at the bottom of rivers and lakes 7, 23 , or diluted into the Black and Mediterranean seas. Although it was determined that the contamination of the water system currently do not pose a public health problem, this system should continue to be monitored to ensure that deposited radionuclides do not washout from the catchment to drinking-water supplies 2 .
The use of satellite imagery has been of great importance and a main method used for phenology monitoring [24] [25] [26] and change detection of ecology and environment, with an increased application in vegetation research [27] [28] [29] [30] [31] [32] [33] [34] . Remote sensing can overcome some limitations of field surveys, where vegetation data are collected at the species or community level, by supplying information about management practices, productivity and seasonal vegetation dynamics 25 . Remote sensing in combination with Geographic Information Systems (GIS) can be very cost-effective techniques, allowing the measurement of landscape-level temporal changes over a continuous area 32 . Thus, the analysis of spectral reflectance provides an inexpensive, non-invasive and fast method for assessing the degree of damage in vegetation affected by environmental stresses 35 . Through the use of multi-spectral satellite images, the characterization of vegetation is made possible by its reflectance properties 25 . This is achieved using the Normalized Difference Vegetation Index (NDVI) introduced by Tucker 36 , being widely applied in research on global climate and environmental change 25, [29] [30] [31] [32] [33] [34] 37, 38 . NDVI represents the photosynthetic activity of vegetation and is associated with primary production, biomass, carbon sequestration, plant water stress and biodiversity 32 . However, the link to metrics like plant growth and species abundance is less clear 31 . The NDVI is determined by the normalized difference between the reflectance in the near infrared (NIR) and the visible red (Red) spectral bands by the following Equation (1):
The study by Davids and Tyler 35 has demonstrated that remote sensing has the potential to provide monitoring techniques to assess the ecological impact of radionuclide contamination and how the NDVI and other vegetation indexes can measure the effect of radionuclide contamination and soil moisture on the vegetation. It also shows that silver birch (Betula pendula) and Scots pine (Pinus sylvestris) trees have different responses to radionuclide contamination.
Responses of organisms through time to the chronic radiation exposure in their natural environment caused by the Chernobyl accident are not yet clear. Various studies found that plant growth rate and seed germination have been negatively affected by radiation [18] [19] [20] , while others reported increased mammal abundances 16 , no effects on the relative abundance of fish 39 and natural forest succession 40 , with the latter benefitting from the human absence since the accident. It seems that even under hazardous ionizing radiation exposure that affects organisms at the individual level (reduced fitness and/or growth), those effects are not enough to restrain populations' abundance. Thus, it became an interest to analyse: (1) how the vegetation primary production changed after the accident and (2) how those changes relate to radiation exposure. For that purpose, the main objectives of this work were to: (1) analyse the NDVI changes inside the CEZ from before, during and after the Chernobyl nuclear accident and; (2) determine whether the main cause for the NDVI changes (if they exist) is due to the radiation exposure and/or due to the alteration in land use caused by the land abandonment. The following hypothesis were tested: (1) the vegetation suffered a negative change in NDVI values following the Chernobyl accident, while recovering those NDVI values over the years; (2) The NDVI has a negative linear relationship with radiation and; (3) Different classes of vegetation have different responses to radiation exposure.
METHODOLOGY
Free satellite images from the Landsat series (4, 5, 7 and 8) were downloaded from the EarthExplorer website from the United States Geographical Survey (USGS) and also from the European Space Agency (ESA) website, that included the entirety of the Chernobyl Exclusion Zone (path=182, row=24). The Landsat satellite sensors have an adequate spatial resolution (30 meters resolution at the visible and near infrared bands), allowing for the successful capture of spatial details 38 . The downside however is the long observation cycle (16 days) and the frequent cloud contamination that limit their application. Using different orbit scenes and complementing them together was impractical because of the different date between them, as they would be from different seasons and/or different vegetation stages, leading to different NDVI values. As a requirement, these images needed to be cloud free above the target area, as well as snow free, to facilitate the image processing tasks. Regarding the USGS images, they belong to the Landsat Collection 1 Level-1 dataset, which is processed with the Landsat Product Generation System (LPGS). The ESA images are from the high-quality ortho-rectified L1T datasets. The selected images were then processed in QGIS (v2.18.17), with the Semi-Automatic Classification Plugin (SCP -v5.3.11) 41 . The standard Coordinate Reference System (CRS) of the images was used throughout the entire work, designated WGS 84 / UTM zone 35N (EPSG:32635). Using the SCP plugin pre-processing tool for Landsat images, the image bands were chosen and then stacked, after being converted to Top of Atmosphere (TOA) reflectance and where Dark Object Subtraction (DOS1) 42 atmospheric correction was also applied in order to obtain surface reflectance 28, 41 . No geometric correction was required 43 .The stacks were then cropped using a polygon shapefile, which area contained the entirety of the CEZ (Figure 1 ), plus some area around its border (similar to a buffer), should the need to compare both areas arise. This reduces the stack size and makes posterior image analysis faster. The 30 km CEZ border line was downloaded as a KML file from Google Maps.
Field work
Field work was necessary to obtain ground truth data to be used on the NDVI analysis. The field trip lasted for 11 days in October 2017 and more than 300 samples of vegetation locations were registered using a Trimble GeoExplorer GPS device. All training points were taken near the road and where homogeneous vegetation patches were sighted. A photograph of each registered location was taken to later confirm the vegetation composition of each patch. Using a hand-held dosimeter (Inspector, SE International, Inc, Summertown, TN, USA), the biological radiation dose of each local was also measured (in µSv/hour), with one entry measure for point features, two entry measures for line features and one point per polygon corner entry measure for polygon features. Some retrieved features had topology errors and were corrected accordingly while others needed to be discarded because of input errors or missing information. After adding buffers to the lines (1m to 5m buffer) and points (20m buffer) features, all features were merged into a single shapefile (which would contain buffers of the newly added lines and points plus the polygons features retrieved in the field). The features names described the vegetation class of each patch, even for cases were the patch contained several vegetation types. In order to facilitate the analysis, the number of different classes was rearranged as given in Table 1 . 
Cloud masking
Due to the lack of available cloud free images, the stacks of Landsat images with some cloud contamination present above the target area were masked using the Cloud Masking plugin (Bitbucket -v18.2.7) for QGIS that uses the Fmask algorithm. The values for the cloud probability threshold (percentage) of the Fmask algorithm were adjusted in order to obtain an accurate cloud mask for each image contaminated by clouds. This threshold regulates the commission and omission errors upon the creation of the cloud mask. Therefore, when the default threshold value of 0.225 was inaccurately masking pixels, it needed to be adjusted to better mask the pixels representing clouds. To complete the cloud masking, through manual processing using R software, the cloud mask layer cropped the stacked image and then a reclassification of pixels was performed. This required custom R scripts to be created as to facilitate posterior NDVI measurements on all images.
Seasonal datasets
The images were divided in 2 datasets based on the date they were taken, the Foliage season dataset and the No-Foliage season dataset (Table 2) . Throughout the year, the vegetation productivity changes as the annual seasons pass, changing with them the NDVI values. This difference is even more relevant with the loss of leaves by deciduous trees, making the NDVI pattern of each vegetation class differ from the Foliage and No-Foliage season. Thus, images dating from May 1 st to September 15 th belong to the Foliage season dataset and images dating from September 16 th to April 30 th belong to the No-Foliage season dataset. This date range was established after observations at the oscillations of different weather variables (i.e. temperature, cloud cover, precipitation) throughout an entire year in the Kiev area (weatherspark). It is important to note that the vegetation in images from the No-Foliage season dataset can still have, and in most cases do have leaves, for the period between September 16 th until snow starts to fall (and thus rendering the images useless) is very short and not many images were available. Nevertheless, a significant difference in NDVI values is expected when comparing the Foliage and No-Foliage datasets. The NDVI profile of each image was created from the images stacks (images without clouds) or from the cloud masked stacks (images that originally had clouds). The NDVI values were then extracted using R software. Using the field retrieved sample locations, the arithmetic mean of the NDVI values for each feature was estimated. The NDVI values along the years were then analysed, for different classes of vegetation and different levels of radiation as well as its variation. Different groups of years were created, each representing a different stage: Group 1 are images from the years before the accident; Group 2 are images from the day of the accident (April 26 th , 1986) to the completion of the construction of the sarcophagus (December, 1986); Group 3 are images from December 1986 until 1990 (completion of clean-up operations); and Group 4 are images from 1990 to 2017. It is important to note that due to a shortage of acceptable images, Group 1 and Group 2 of the Foliage season dataset contain only 1 image each, and that there are no images from the No-Foliage season dataset in Group 2. This is an obvious limitation of this work.
Hypothesis testing

How did NDVI change following the accident?
To test if primary production (measured by the NDVI) was affected by the Chernobyl's accident radioactive releases, Analysis of Variance (ANOVA) and Kruskal-Wallis tests were conducted using R software to analyse the NDVI variance between the period before and after the accident. More specifically, the NDVI variance between the four different groups of years established (ANOVA model: NDVI~Group; Group as a factor). A pairwise t-test was also performed to analyse the variance between different pairs of groups of years, where the p-values were adjusted by the Benjamini-Hochberg (BH) method. This method decreases the false discovery rate, which means that it helps to avoid Type I errors (false positives). To determine which type of test (ANOVA or Kruskal-Wallis) was to be conducted for each vegetation class, the homoscedasticity of the data was checked using the Bartlett's test, while also performing a logarithmic transformation of the data when needed. Therefore, the Kruskal-Wallis test was performed on classes in which the Bartlett's test still returned a heteroscedastic result (p-value < 0.05) even after a logarithmic transformation of the data.
Does NDVI have a negative linear relationship with radiation?
To investigate how the NDVI currently relates to radiation, a linear model and a Generalized Additive Model (GAM) test were performed using R software. The GAM test used the "mgcv" and the "ggplot2" R packages. The image used for the retrieval of these NDVI values dates 1 month prior to the retrieval of the radiation measurements during field work, as it was the closest image taken to that timeframe. This image had some clouds present above the target area, so the cloud masking was applied. Therefore, features with null NDVI values caused by the overlapping of features with cloud masked areas were discarded. Furthermore, only classes with a number of features equal or superior than 10 were taken into account, so they can be statistically significant for the tests.
Different classes of vegetation responded differently to radiation?
The tests described above were performed on every different class of vegetation, to determine if there are differences between the vegetation classes.
RESULTS
NDVI variance between groups
Depending on the result of the Bartlett's test, different classes of vegetation underwent different types of analysis ( Table  3 for the Foliage dataset; Table 4 for the No-Foliage dataset). Some classes were excluded because there were not sufficient data (less than 2 features on any group) to perform the analysis (6 classes excluded on the Foliage dataset and 2 classes from the No-Foliage dataset). The boxplots present in Figure 2 depict the variance between all the NDVI values for all vegetation classes of each season dataset and the different groups of years. A pairwise t-test was performed to calculate pairwise differences between groups for each vegetation class of each season dataset ( Table 5 and Table 6 ). The p-values were adjusted by the Benjamini-Hochberg (BH) method. The t-test returned significant values (p-value < 0.05) when the different vegetation classes were not considered, and were independent of the season dataset. For the Foliage season dataset, the majority of significant changes were observed between Groups 1-2, Groups 1-3 and Groups 1-4 ("Alnus", "Betula mix", "Pinus mix", "Quercus" and "Quercus mix" classes), but it was observed that some classes of vegetation ("Acacia", "Burnt Pinus", "Bushes mix", "Deciduous mix", "Fagus mix", "Lichens", "Marsh", and "Meadow" classes) did not suffer any significant change between the different groups of years. For the No-Foliage season dataset, the majority of the vegetation classes did not show a significant change between any of the groups of years, except for the "Betula mix", "Grassland", "Grassland mix", "Mixed", and "Pinus" classes, even though the t-test result when not accounting for the vegetation classes returned a significant pvalue between all groups of years. 
Classes N Groups 1-2 Groups 1-3 Groups 1-4 Groups 2-3 Groups 2-4 Groups 3-4
All 10071 <0.001 *** <0.001 *** <0.001 *** <0.001 *** 0.293 <0.001 *** 
NDVI and radiation relationship
The result of the linear model taking all the values from every vegetation class feature showed that there is not a significant relationship (F(1,307) =3.774, p=0.053) between the two variables (NDVI and radiation) and the same was observed with the logarithmic transformed data (F(1,307) =2.229, p=0.130). The relationship is also non-linear considering the plots with untransformed and transformed (log) data (Figure 3 ). Following this, a generalized additive model (GAM) was performed, also taking into account the different classes of vegetation (GAM model: NDVI~Radiation). The results of the GAM are present in Table 7 . All vegetation classes returned a non-significant relationship (p-value > 0.05) expect for the "Betula" and "Betula mix" classes. Also, only the "Betula" class relationship is well explained by this GAM model (69.7%). The "Betula" class has an outlier with a high radiation value (200 µSv/h), so to check if the relation was in fact being caused by this outlier, the model was run again without accounting for the outlier. This time, the model returned a p-value of 0.436, where only 6.17% of the variance was explained. Table 7 . Results of the GAM test to assess the relationship between NDVI as function of radiation. "N" represents the number of features analyzed for each class of vegetation; "Adjusted r 2 " represents the proportion of deviance explained; "Deviance explained" represents how well the data fits the current model (proportion of the null deviance explained by the model); "GCV score" represents the minimized generalized cross-validation. Family: gaussian; Link function: identity. Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 
Classes
DISCUSSION
NDVI variance between groups
When analysing each individual vegetation class, some classes clearly expressed significant changes by an increase of the NDVI values over time while other classes did not. Overall, the difference between the NDVI values of different groups (especially Groups 1-2, 1-3 and 1-4) suggest that the NDVI values suffered a significant positive change (increase of NDVI values) after the Chernobyl accident. Surprisingly, this change also turned out to be positive between Group 1 (1984 Group 1 ( -1986 and Group 2 (1986 Group 2 ( -1986 , image after the accident) by analysing the boxplot of Figure 2(a) . It is important to note that although the images from those groups are in the same assigned Foliage season dataset, they are from different months (the image from Group 1 is from September 1 st 1985 and the image from Group 2 is from May 31 st 1986). Therefore, caution is advised when interpreting the results from these two groups, because the difference in NDVI values could be due to different vegetation stages for they are from different annual seasons (early autumn and late spring respectively). Different years could have different timeframes for each ecological season (i.e. different phenology, as a possible result of climate change) meaning, for example, that the deciduous vegetation could start losing leaves at different times 44 , affecting the NDVI values range for images within the same attributed season (Foliage or No-Foliage datasets). The misplacement of the satellite images on the attributed season datasets could introduce errors that reduce the reliability of the data analysis. Recently, a free and open source tool for the analysis of vegetation index time-series from satellite images, namely QPhenoMetrics, was developed for QGIS 26 , which allows for the computation of phenology metrics. The use of such a tool could help decide onto what season dataset the obtained satellite images should be placed at. However, those phenology determinations must be conducted separately on each type of vegetation class, as different species will have different phenology metrics values. As this method also requires a high number of available and usable satellite images per year, it would be difficult to apply it in situations where few images are available, like in this current study.
Regarding Groups 1-2, 1-3 and 1-4, the results may suggest that the positive impacts on the vegetation caused by the abandonment of the land were superior to the negative impacts of radiation, given the significant increase of NDVI values. It is also possible that the negative effect of radioactive contamination on herbivores abundance (e.g. insects) 15 resulted in an increase of primary production because of lowered predation on the vegetation, irrespective from contamination. In 2001, the prognosis for the next ten years (2001-2011), referred that the area inside the CEZ covered by coniferous and deciduous forest would increase to 65-70% of the whole zone, and that the fauna would stabilize regarding the numbers of forest animal species, with an increase in the number of predators given the absence of hunting and poaching of mammal species 8 . The results of the current study seem to be in line with that prognosis, at least with primary production demonstrating an increase through NDVI values over the years since the accident. It was also reported by the IAEA 7 , that as early as 1987, recovery processes were evident in the surviving tree canopies. The IAEA 7 report also points out the fact that the recovery of affected biota inside the CEZ has been confounded by the overriding response to the removal of human activities like agriculture, hunting, and fishing, which resulted in the expansion of the populations of plants and animals. This leads to the conclusion that the present environmental conditions have had a positive impact on the biota inside the CEZ 7 .
The No-Foliage season dataset did not show changes on the same level as the changes observed on the Foliage season dataset, what is to be expected as some vegetation classes lose leaves which will affect the NDVI values negatively. Analysing the pairwise comparisons, some vegetation classes like "Acacia" did not show a significant change in the NDVI values between any of the pairs of years and not even for the two different season datasets. It is unknown if this is due to: (1) very low radiation values on areas where Acacia is present that do not significantly impact its primary production; if (2) Acacia is somewhat resistant or adapts well to this radiation stress, or (3) another unaccounted effect is masking the impact of radiation. Other classes like "Pinus" had significant NDVI changes between all pairs of years and for the two season datasets. Pinus are evergreen trees so because they do not lose leaves, the significant NDVI variance remains the same regardless of season. The "Betula" class on the other hand, showed a significant change between groups of years on the Foliage season dataset, but did not show that significant change on the No-Foliage season dataset. This makes sense since Betula trees are deciduous and will lose leaves in the No-Foliage season regardless if they are healthy or not. The "Deciduous mix" class should have had the same behaviour as the "Betula" class, so the fact that it did not, may suggest that changes on classes containing a mix of different types of vegetation cannot be so well predicted as homogenous and pure classes of vegetation are.
As an answer to the initial hypothesis made, that the vegetation suffered a negative change in NDVI values following the Chernobyl accident while recovering those NDVI values over the years, the NDVI values increased over the years after the accident, but the apparent increase of NDVI values immediately after the accident is not well understood since there is a lack of sufficient and reliable data.
NDVI and radiation relationship
All vegetation classes returned no significant values except for the "Betula" and "Betula mix" classes where the negative effect of radiation on NDVI was evident, and the models explained 69.7% of the relation between the variables for the "Betula" class and 17.7% for the "Betula mix" class. The presence of outliers, which represent features located near or in the Red Forest area, strongly contributed to this significant relation between the NDVI and radiation for these two vegetation classes. This shows that the Red Forest area is still highly contaminated when compared with other areas, even after the clean-up operations took place. These high radiation levels may have a strong negative effect on the vegetation that is not observed in areas less contaminated. After removing the outlier for the "Betula" class, the result was similar to all the other vegetation classes, meaning that with the low radiation values measured, no significant relationship between NDVI and radiation is observable (with 6.17% of the deviance explained now for the "Betula" class). The "Betula" feature which is the outlier has various young Betula trees present on the area which may have grown after the clean-up operations. Still, it is not certain if the low NDVI value measured for that area is due to the effect of radiation or from the fact that the vegetation growing is still young or a combination of both. If these trees started growing right after the clean-up of the area (finished around 1990), they should already be full grown as more than 20 years have passed. The fact that they are not possibly means that they have a reduced growth rate caused by the radiation levels on the area, or that maybe these trees simply started growing a few years ago.
In overall, by analysing the other vegetation classes, it is possible to conclude that the vegetation outside of the Red Forest area is not exposed to radiation levels that can cause a significant impact on primary production. However, this apparent no significant relationship between NDVI and radiation could be being masked by other variables like soil moisture, vegetation abundance or variation in abundance of herbivores, not accounted in this study. Soil moisture was already identified as being a contributor to vegetation stress and it was measured in the study by Davids and Tyler 35 , which tried to detect contamination-induced tree stress by soil moisture and radionuclide contamination using various vegetation indexes. As for the vegetation abundance, it may have increased as a result of the abandonment of the land, as mentioned in the IAEA report 7 , masking the negative effects of radiation on the vegetation. A previous study on tree growth rate 18 demonstrated a highly significant negative effect of background radiation on mean growth rate in the period of [1986] [1987] [1988] [1989] [1990] . While this shows a clear reduction of individual growth, it is not known whether it significantly impacted the vegetation abundance in a negative way, especially taking into account the land abandonment. For a given pixel, if a comparison of the NDVI value between the pre and post-accident state was made, even though the vegetation before the accident may have been in a normal physiological state, the vegetation cover of that pixel could be inferior to the vegetation cover of the current vegetation state. This increase in vegetation cover as a result of the land abandonment could be responsible for the increased NDVI value returned for that given pixel, despite the current radiological condition. This could mean that various unaccounted variables in conjunction with the positive effect of land abandonment is greater than the negative effect caused by low levels of radiation exposure on the vegetation, but only until a certain radiation threshold level where the radiation impact on the vegetation is just too great, resulting in lowered primary production. Although this threshold was not determined in this study, the studies by Garnier-Laplace et al. 45, 46 and Geras'kin and Volkova 47 already tried to investigate the effects of different radiation doses on vegetation and other organisms. The suggested value of 10 µGy/h was derived in which no effect at the population or ecosystem level is expected 46, 47 . This value should be carefully analysed because different organisms (animals and plants) have different radiation sensitivities 48 , and this happens even with different vegetation species (such as Pinus sylvestris and Betula pendula) which showed very different responses to radionuclide contamination as reported by Davids and Tyler 35 .
According to the FASSET Radiation Effects Database (FRED) 48 , plant growth starts to be affected at >100 µGy/h, and where continued exposure at 12 µGy/h for 8 years increases the sensitivity in pines, with 50% mortality at ~10 3 µGy/h for the same duration. The three most important manifestations of radiation damage in vegetation studies are inhibition of growth, reduction of reproductive capacity (fitness) and death 48 . These manifestations are dependent on the radiosensitivity of the plants, which can depend on the plants' age or development (younger plants, with cells with high proliferation rates are more radiosensitive than mature plants), season (the vegetative state is more radioresistant than the flowering stage), and water content (indirectly increases seed radiosensitivity of tree species by affecting the rate of physiological activity) 48 . Also, the ratios of acute to chronic daily dose for exposure that causes a slight slowing of plant growth are ~10 for herbaceous plants and ~60 for arboreal plants 48, 49 .
The results of the current study seem to support the results from Davids and Tyler 35 where the NDVI values were independent of contamination levels for Pinus sylvestris and Betula pendula for in situ measurements. Yet, laboratory observations and other vegetation indexes used (e.g. Chlorophyll red edge, Three Channel Vegetation Index) in the same study contradict those in situ measurements. This emphasizes the importance of the use of various vegetation indexes simultaneously and accounting for confounding factors. The effect of clean-up operations may have reduced radiation exposure to a level that the vegetation can tolerate and is still able to strive without major reductions in fitness or plant growth. A possible adaptation through genetic mutations leading to resistance to low levels of radiation exposure could also explain why the vegetation does not seem to be affected by this radiation exposure. The study by Geras'kin and Volkova 47 showed that Pinus sylvestris has an antioxidant activity sufficiently capable of eliminating different types of ROS produced by chronic radiation exposure in the range of 0.8 to 14.8 µGy/h. The majority of the features used may correspond to areas that were not heavily affected by radiation even right after the accident, since these features were taken within a wide area range inside the CEZ. Areas under heavier radiation exposure could show some relationship between NDVI values and radiation levels. Therefore, more areas in the Red Forest zone should be sampled and analysed, to understand if the NDVI and radiation relationship shows a significant pattern at considerably higher levels of radiation, where it is known that radiation begins to affect plant growth (>100 µGy/h [ 48 ] ). The radiation values used are the ones retrieved in 2017 during field work, therefore the measured relationship between NDVI and radiation is only analysing the current state of the vegetation under current radiological conditions. Since many years have passed, the state of the vegetation and relationship between the two variables could have changed. For example, if a certain location had been cleaned up from radioactive contaminants as well as go through a class of vegetation change, that exact same area could now have a different relationship between the variables from what it had before. Although the decay of certain radioactive elements is very long (more than 100 years), the short lived radionuclides which caused the biggest impact (lethal damage) right after the accident (10 to 20 days) are no longer responsible for the current radiological condition inside the CEZ 8 . This means that even the vegetation exposed to higher levels of radiation inside the CEZ is not under lethal radiation levels now, but it is expected that that vegetation is sick, possibly showing reduced growth, which effects are expected to be reflected in reduced NDVI values.
Some limitations of the present work that could have also contributed to these results, are: (1) the use of a different number of features per class of vegetation and different size of these same features, within and between classes of vegetation. Even though this can create noise, some variability is needed to perform analyses; (2) some vegetation classes were excluded from the analysis because of their insufficient representability; (3) the NDVI noise originated from the creation of buffers on the points and lines features retrieved from the field; (4) the lack of usable satellite images, especially on the dates close to the year of the accident.
As an answer to the second hypothesis made, that the NDVI has a negative linear relationship with radiation, the NDVI does not have a negative linear relationship with radiation as shown by the results of this study. The reason why this happens was not determined, because other variables that may be responsible for the current vegetation state and NDVI values were not accounted, such as soil moisture, vegetation abundance and abundance of herbivore species, to name a few. A negative relationship between NDVI and radiation was expected due to the known strong negative effects that radiation has on the physiological activity of living beings, such as reduced growth and reduced fitness. It seems that those impacts are very dependent on radiation level, which for lower levels, other variables seem to have a greater impact.
As for the third hypothesis, that different classes of vegetation responded differently to radiation exposure, the NDVI variance tests for groups of years seem to support it, while the NDVI relationship with radiation was practically the same for all vegetation classes. This heavily suggests that other variables likes the ones discussed above (human absence, herbivore abundance, soil moisture) rather than radiation levels are influencing the NDVI values and are responsible for the current state of the vegetation inside the CEZ.
CONCLUSION
This work showed that the consequences of the Chernobyl nuclear accident are still not well understood, which is also noted by the existence of studies making contradictory statements. Although current radiation levels can have a negative effect on the vegetation by reducing individual plant growth, these effects do not seem to be enough to hamper vegetation growth at the population level, or that the lower abundance of herbivores compensates the negative effects of radiation. The NDVI showed to be independent from the radiation values measured. The increase of NDVI values over the years is most likely due to the alteration of land use (land abandonment), the possible reduction of herbivore species caused by radiation exposure and the consequent natural regeneration and ecological succession of the vegetation. This was observed in the abandoned city of Pripyat. The results obtained from the current study are also important as they highlight the importance of accounting for confounding factors (e.g. soil moisture) as also suggested by previous works.
The results show that radiation is not the deterministic factor that rules primary production, at least for the majority of the areas studied which are exposed to lower levels of radiation. It is possible that the human presence in an area has a greater negative impact on the biota than the long term exposure to low levels of ionizing radiation. It would be interesting to investigate how changes in land cover type, herbivore abundance, clean-up operations, community-level interactions (like facilitation), and natural adaptation to radiation-induced environmental stress could have contributed to the current observable state of the vegetation inside the CEZ and, how these variables are possibly masking the radiation effects on the vegetation.
